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Abstract 
Background: 
Evaluating the impact of temperature on morbidity has received less attention than mortality. 
As the effect of extreme temperature has become an increasing public health concern, this 
meta-analysis attempted to quantify the exposure–response relationship between ambient 
temperatures and morbidity.  
Methods: 
We performed a systematic literature review and extracted quantitative estimates of the 
effects of hot temperatures on cardiorespiratory morbidity. There were too few studies on 
cold effects to warrant a summary. Pooled estimates of hot effects were calculated using a 
Bayesian hierarchical approach that allowed for the inclusion of multiple results from the 
same study, particularly different latitudes and lagged effects.  
Results: 
Twenty-one studies were included in the final meta-analysis. The pooled results show that a 
1 °C increase on hot days was related to a statistically non-significant increase of 3.2% (95% 
Posterior Interval (PI): –3.2%, 10.1%) in respiratory morbidity, and also no apparent 
association was observed for cardiovascular morbidity (–0.5%, 95% PI: –3.0%, 2.1%). The 
length of lags had mixed effects on the risk of respiratory and cardiovascular morbidity, 
while latitude had little effect on either morbidity type. 
Conclusions: 
In this meta-analysis, we found that the effects of temperature on cardiorespiratory morbidity 
appeared to be smaller and more variable than previous findings related to mortality. 
  
Importantly, the effect of hot temperatures on respiratory and cardiovascular morbidity 
appears to differ.
  
Introduction 
Systemic environmental changes and their effect on human health have become an increasing 
public concern.1–3 Temperature-related health effects have received much attention,4–6 
particularly since projected climate change scenarios point to increasing and more varied 
temperatures throughout the world.7 Increasing ambient temperatures mean that heat effects 
are of particular importance from a public health perspective.8,9    
The ability to measure the effects of temperature on human health is vital for a number of 
reasons. Firstly, it improves understanding of how temperature affects morbidity and 
mortality in different populations, which increases knowledge of how climate change will 
influence human health. Secondly, it may contribute to effective public health interventions 
that can better target vulnerable groups within the population.10 Finally, it may also assist in 
the development of strategies for reducing both the social and economic burden associated 
with major chronic diseases such as cardiovascular and respiratory diseases.11  
Most research to date has concentrated on examining the relation between temperature and 
mortality.12–18 In terms of the effects of temperature on morbidity, only three types have been 
primarily examined in the literature: total hospital admissions; hospitalizations for respiratory 
disease;19–21 and cardiovascular (CV) disease which includes myocardial infarction (MI), 
acute coronary syndrome (ACS) and stroke.19,22–29 Particular attention has been given to some 
methodological issues such as distributed lagged effects and harvesting, particularly when 
examining the effects of sustained periods of extreme weather in time series studies.  
Distributed lagged effects (including both short term and cumulative lagged effects) have 
been examined in a number of studies.30–32 In particular, it has been observed that short term 
lags are important for heat-related effects.33 Mortality displacement or harvesting16,34 occurs 
  
when the deaths of particularly frail individuals are brought forward by extreme 
temperatures, leading to a decrease in effect estimates for longer lag periods.  
Non-linear exposure–response relationships have also been reported,35–37 below and above 
which the effect on health outcomes significantly increases.18 This common ‘U’ or ‘V’ 
relationship is often modelled by a piecewise function, which for the former is specified by a 
‘comfort zone’ of no effect between hot and cold thresholds. Other non-linear splines using 
more complex bases have also been used to describe the general nature of the exposure–
response relationship.35 However, in some studies the non-linear effect of temperature has 
been found to be weak or even nonexistent, leading to the use of a linear model across all 
temperatures.22,38,39 These modelling differences may be explained in part by the temperature 
range of the particular studies, and also by population acclimatization. For this reason, 
acclimatization has often been incorporated into studies of multiple locations, most 
commonly by including the latitude of the population as a proxy for climate.18,32,40 
Compared with studies examining temperature effects on mortality, less attention has been 
paid to the effects of temperature on morbidity.41–46 Among a relatively small number of 
temperature–morbidity studies, most have focused on the effects of hot temperatures. Our 
study therefore aims to identify and quantify the relationship between hot temperatures and 
morbidity through a systematic review and meta-analysis.  
Methods 
Data extraction 
We used a systematic search to identify all relevant studies investigating the association 
between temperature and morbidity. The search used the databases: PubMed, Web of 
Science, Science Direct and Scopus, and was conducted during October 2010 and January 
  
2012 with no limitations on search criteria. The specific search terms used for each database 
differed slightly (see Supplemental Material). Additional articles were obtained by manually 
scanning the reference lists of each publication.  
Filtering procedure 
The title and abstract were first used to filter studies not related to the research question. The 
remaining results were merged into an Endnote library and duplicates were removed. Studies 
that contained no quantitative results were removed next. Studies related to periods of 
extreme temperature such as heatwaves were also excluded, because of the different methods 
used to examine heatwaves.  
The full texts of the remaining studies were then thoroughly reviewed against selection 
criteria. Studies were required to be of time series, case–control or case–crossover design. To 
examine the short-term effects of changes in temperature on morbidity, each study had to 
contain an outcome measure related to hospitalization for either all-causes, cardiovascular 
(including myocardial infarction or stroke) or respiratory diseases. As the exposure–response 
relationship was of interest, the outcome measure was the change in the number of 
hospitalizations for a unit change in temperature, reported over a daily timescale. This 
resulted in the exclusion of studies reporting only non-linear temperature–morbidity curves, 
since while their effect values could be estimated from the plots, it was not possible to derive 
associated standard errors which are required for inclusion in the meta-analysis. All 
temperature measures were allowed, following recent evidence that the magnitude of 
temperature effects on mortality does not vary significantly with the exposure measure 
used.17,47,48 The effect estimates had to be presented as a Poisson or negative binomial 
regression coefficient, percentage change, relative risk or odds ratio. 
  
All effect size results with confidence intervals or standard errors were collected. Additional 
data collected were the number of lagged days used and the study latitude, along with an 
associated threshold temperature, when reported.  
Statistical methods 
All effect estimates were converted to a relative risk (RR) reflecting a change in 
hospitalizations due to a 1 °C increase in temperature. For some studies this was the increase 
in temperature above a threshold. Standard errors for relative risks were derived from 
associated confidence intervals. All results were converted to the log scale for the meta-
analysis. 
We combined the studies in the meta-analysis, using a random effects model to incorporate 
heterogeneity both within and between studies. As a number of studies reported multiple 
estimates for different lags and latitudes, we used a two-stage Bayesian hierarchical model.49 
The hierarchical modelling approach assumes in the first stage that individual results  ijY  in 
each study are distributed around a study-level effect mean  i . In the second stage, the 
study means are distributed around an overall effect mean   , with the model producing 
estimates for the pooled mean effects at both study and overall levels. The model took the 
following form:   
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where 2ij , 2i  and 2  are the result, study and between-study variances, respectively 
calculated over jN  results taken from M  studies.  
  
In order to model both lagged effects and absolute latitude of the population, the effect 
specific mean  ij  was related to each study mean  i , lag  ijLag  and latitude  ijLat  via 
the following regression equation: 
,10 ijijiij LatLag    
the unit of the lag term being days, while absolute latitude was standardised to a 5 degree 
increase. The pooled study mean effect sizes  i  corresponded to the baseline state of 0 days 
lag and the mean latitude of the included studies. The latitude effect  1  was assumed to be 
linear, while the lag effect  0 was specified in two forms using linear and polynomial 
expressions, both based on the distributed lag model approach.50,51 These two specifications 
for the lag effect were compared in separate analyses using the deviance information criterion 
(DIC). We found that using a polynomial model for the lag effect did not perform better, and 
therefore a linear term was used.   
We implemented the meta-analyses using WinBUGS.52 Sampling used a burn-in of 20,000 
Markov chain Monte Carlo iterations followed by a sample of 80,000 iterations. All pooled 
results for the study effect estimates ( i ) were transformed to percent changes for 
presentation, and estimates for lag and latitude were converted to represent the percentage 
change in relative risk due to a one day or 5 degree increase, respectively. For comparison, 
the analyses were also re-run, replacing each location’s latitude with Average Summer 
Temperature (AST).  
Separate analyses were performed on studies related to respiratory and cardiovascular 
morbidities. We hypothesized that studies assuming a linear temperature relationship over all 
data would underestimate a heat effect due to the mixing of data from hot and cold periods. 
To account for this, analyses were also conducted on those studies that used either a non-
  
linear temperature relationship or restricted analyses to warm seasons only to specifically 
examine a heat effect. This was achieved by removing studies assuming a linear temperature 
relationship across all temperatures. Sufficient numbers of results were obtained to allow for 
further analyses of results related to stroke, ACS/MI and asthma.  
Sensitivity analyses were performed on different sub-groups based on temperature measures, 
age groups and study design. As hot temperatures have been observed to have an immediate 
and short term effect on respiratory and cardiovascular diseases, these sensitivity analyses 
were performed on same day effect results only. The 2I  statistic53 was used to examine 
heterogeneity between studies, where increasing values (from 0 to 100%) denote increasing 
heterogeneity between the studies.   
 
Results 
In total, 2527 articles were identified by the systematic search. Through an examination of 
titles, abstracts and full text, 2489 of these studies were excluded. The results of the search 
strategy are shown in Figure 1.  
[Figure 1 here] 
From the remaining 38 studies, 4 studies reported population-standardised relative risks.33,54–
56 Five studies provided effect estimates that were based on grouped temperature exposure 
levels rather than a unit change in temperature,36,57–60 and one study aggregated daily data 
over multiple days.31 Seven studies only reported correlations of hospital admissions with 
temperature.61–67 The remaining 21 studies were included in the meta-analysis. Table 1 shows 
descriptive information of these studies.  
[Table 1 here] 
  
Among the included studies, 12 provided effect estimates for respiratory morbidity, while 17 
provided results for cardiovascular morbidity, with some studies examining both. Respiratory 
studies included both total respiratory admissions and admissions for asthma, while 
cardiovascular morbidity included total cardiovascular admissions, and admissions for MI, 
ACS and stroke. The populations were from a variety of climate zones, ranging from 
temperate to tropical (see Supplemental Material for a map). All age groups were examined, 
including the young75 and elderly.32,77  
Only three studies specifically examined cold effects on morbidity, 28,68,83 and therefore our 
meta-analyses only examined heat effects. The majority of studies applied a time series 
design using either generalised linear models (GLM) or generalised additive models (GAM), 
although some studies used a case–crossover design.68,81–83 Confounding variables were 
considered, such as air pollution, humidity and/or atmospheric pressure, and seasons.73,74,76 
The most commonly used temperature definitions were daily mean and maximum 
temperatures, although minimum and apparent temperatures were also used. Lagged effects 
were considered in most studies, with lags ranging from 1 to 28 days, with one study finding 
that effects weakened considerably for lags longer than 7 and 13 days, respectively.39,84  
Several approaches were used to model the relationship between temperature and morbidity. 
Eleven studies examined heat effects using either a non-linear relationship incorporating a 
particular threshold or a linear relationship over summer data only.28,68,81–83 For those 
specifying a threshold, values were identified using different techniques.70,79,84 In the absence 
of a derived threshold, several studies used a specific percentile of temperature to test for the 
presence of a heat effect.73,77,80 From those studies where explicit threshold values were 
provided, temperatures associated with heat effect estimates ranged from 19.3 °C (minimum 
temperature) to 41.5 °C (maximum temperature).   
  
Eleven studies assumed a linear temperature effect over all temperatures. These included 3 
studies75,76,78 that did not consider a non-linear temperature effect in their respective analyses 
at all, along with a further 7 studies38,39,69,71,72,74,84 that did test for the presence of non-linear 
effects, but found none that were statistically significant. One study32 applied a non-linear 
effect model but reported linear effect estimates. These studies proposed several reasons for 
the lack of non-linearity, including the weak effect of hot temperatures observed on MI or 
stroke, the temperate environments in which the studies were based, and population 
adaptation. The results extracted from each study are presented in Table 2. 
[Table 2 here] 
Figure 2 shows the meta-analysis results for studies of respiratory morbidity. The pooled 
effect estimate for all studies was that respiratory morbidity increased by 2.0% (95% PI: –
1.4%, 5.5%) for a 1 °C increase in temperature. After removing four studies that assumed a 
linear relationship between temperature and respiratory morbidity, the pooled effect estimate 
increased to 3.2% (95% PI: –3.2%, 10.1%).  
[Figure 2 here] 
The results for cardiovascular morbidities (Figure 3) show that no temperature effect was 
observed when all studies were included (–0.1%, 95% PI: –1.8%, 1.6%), or after removing 
eight studies that assumed a linear relationship between temperature and cardiovascular 
morbidity (–0.5%, 95% PI: –3.0%, 2.1%).  
[Figure 3 here] 
The effect of both latitude and lag varied across both morbidity subgroups, although these 
effects were not statistically significant (Table 3). The results showed a decreasing effect (–
0.47, 95% PI: –1.71, 0.78) on the risk of respiratory morbidity for increasing lag, while lag 
  
had an increasing effect (0.29, 95% PI: –0.46, 1.04) on the risk of cardiovascular morbidity. 
An increase of 5 degrees above the mean latitude for each group had little effect on the risk of 
either respiratory morbidity (0.03, 95% PI: –2.19, 2.31) or cardiovascular morbidity (0.13, 
95% PI: –0.91, 1.17). When the analysis was performed using AST to replace the latitude for 
each study, it was found that AST had little effect on respiratory (0.16, 95% PI: –0.76, 1.08) 
or cardiovascular (–0.03, 95% PI: –0.54, 0.48) morbidities. The analyses were also run using 
AST in place of latitude to compare the effect. The results (not shown here) were found to be 
almost identical to those obtained when incorporating latitude.  
[Table 3 here] 
Analyses were performed on sub-groups relating to stroke, ACS/MI and asthma (Figure 4). 
The pooled results for stroke (–1.0%, 95% PI: –11.3%, 10.5%) and ACS/MI (1.0%, 95% PI: 
–7.0%, 9.7%) showed similar effects to those found for cardiovascular morbidity as a whole. 
No effect was observed for asthma (0.3%, 95% PI: –11.8%, 14.1%), for which four studies 
were available.  
[Figure 4 here] 
Table 4 shows the pooled results for different subgroups examined in the additional 
sensitivity analyses. The findings for the same day heat effect for respiratory morbidity 
(3.3%, 95% PI: –2.7%, 9.6%) and cardiovascular morbidity (–0.3%, 95% PI: –2.8%, 2.4%) 
did not differ substantially from the pooled results incorporating lagged effects. An analysis 
of only those studies that used mean and maximum temperatures resulted in a slight increase 
in respiratory morbidity risk (4.4%, 95% PI: –3.1%, 12.5%).  
[Table 4 here] 
  
An increase in risk was observed when studies that applied a case–crossover study design 
were removed (5.1%, 95% PI: –5.9%, 17.3%). The risk was reduced after excluding studies 
of the elderly (1.3%, 95% PI: –2.7%, 5.5%).  
The sensitivity analyses performed on same day effect results for cardiovascular morbidity 
showed no difference to the results incorporating lagged effects.  
In both respiratory and cardiovascular morbidity groups, 2I  values were mostly of the order 
of 88% to 100%, indicating a large between study heterogeneity and supporting the use of 
random effects models.  
 
Discussion  
To our knowledge, this is the first meta-analysis to assess available literature reporting 
quantitative estimates of ambient temperature effects on morbidity. This analysis reveals 
inconsistencies in the pooled effect estimates of temperature on cardiorespiratory morbidity. 
The results show a statistically non-significant increase of respiratory hospitalizations 
associated with a 1 °C increase in ambient temperature. There was no apparent association 
found for cardiovascular morbidity, with a mean percent change of close to zero indicating no 
change in morbidity. 
The difference in heat effect on cardiovascular and respiratory morbidities observed in this 
study is consistent with previous findings. While a heat effect has been found for respiratory 
hospital admissions,70,85 other studies22,24,39,86 have suggested that hot temperatures have a 
smaller effect on cardiovascular morbidity than cold temperatures. Cold effects are often due 
to potential complications associated with decreased cardiovascular performance and effects 
of respiratory infections which are more common in winter, a combination that is less 
  
prevalent in the warmer months of the year. One large study80 from the European Union 
noted similar differences in temperature effects on respiratory and cardiovascular morbidities, 
suggesting that an increase in out-of-hospital deaths prior to medical treatment for acute 
cardiovascular events could explain this difference. The observation that vulnerable people 
die instead of being admitted to hospital has been made elsewhere45 and is a potential 
explanation for the smaller morbidity effect of heat observed in this study compared with 
previously reported mortality impacts.87,88 Furthermore, previous research89 has shown little 
evidence of a specific heat effect for myocardial infarction which may also explain the weak 
cardiovascular results.  
It has been found33,90 that heat effects are generally immediate and short-term. Our results for 
respiratory morbidity support these observations, with the lag coefficient for the heat effect 
showing a reduced effect on morbidity as lag increased. The positive lag coefficient found for 
cardiovascular morbidity does not agree with the respiratory results; however it should be 
noted that only short lags were included in the meta-analysis, and therefore extrapolation to 
longer lags may be problematic.  
An increase in latitude was found to have little effect on both respiratory and cardiovascular 
morbidity, although the direction of effect for cardiovascular morbidity was consistent with 
findings elsewhere;18,35,91 that is, the effect of heat increases at higher latitudes (colder 
climates). The adaptive capability of specific populations has been cited as a primary reason 
as to why people in colder climates are affected more by warmer temperatures. In general, 
such populations are less acclimatized to high temperatures, live in houses that are unsuitable 
in dealing with hot weather, and lack adaptive methods such as air conditioning.  
The variability between individual study results, along with heterogeneity observed in the 
sensitivity analyses, may be related to a number of different factors. While the location of the 
  
different studies would be expected to contribute to this heterogeneity, the fact that most of 
the studies were performed in temperate regions, and that the effect of latitude was non-
significant, supports the pooling of the studies. Other factors including different study 
periods, demographics of each population and other socioeconomic conditions may also 
contribute to the observed heterogeneity. For example, such differences can be seen in studies 
that take account of adaptive factors such as air-conditioning usage.82 Differences in both the 
design and modelling methods applied in each study, including different sets of confounding 
variables, may also have contributed to between-study heterogeneity.   
The review has a number of strengths. Firstly, it is the first time that a meta-analysis approach 
has been used to assess the available literature related to the effects of hot temperatures on 
morbidity. Secondly, through the implementation of a Bayesian hierarchical model multiple 
results from individual studies were able to be included in the same meta-analysis. 
Additionally, the modelling approach provided a convenient method to directly incorporate 
and assess effects of both lags and latitude of each study on the pooled estimates. Finally, the 
extensive nature of the search strategy covered multiple literature sources and so hopefully 
reduced any potential publication bias. While any non-significant results that have not been 
published would not be included in this study, the overall non-significant results found here 
would indicate that publication bias was not a major issue in our study. 
The study also has some limitations. Firstly, the results are based on a small number of 
studies, particularly once separated according to type of morbidity.  The studies cover limited 
geographical areas and therefore a limited range of climatic conditions. It is important to 
exercise caution when generalising the pooled results. Secondly, the meta-analysis excluded 
studies reporting only non-linear splines as there was no way to estimate the standard error of 
the heat slope; however the number of such studies was small since most studies reported 
parametric heat effect estimates with standard errors or confidence intervals. Thirdly, the lack 
  
of cold effect studies and the difficulty assessing both cold and heat effects simultaneously 
meant that consideration of the complete temperature effect curve36,59 was not possible. 
Important variables such as the use of air conditioning and socioeconomic and demographic 
factors were also lacking in most of the studies.16,82 Finally, given that the included studies 
generally did not report for lags longer than 4 days, it is difficult to interpret the estimates of 
delayed effects for longer lag periods. This had minimal impact, however, given the short-
term, immediate nature of heat effects that were observed.      
There are a number of directions we feel are valuable for further research. While the focus 
here was purely on hospitalization, analysis of General Practitioner consultations92 may be 
worthwhile, particularly as a means to developing strategies for the early detection of 
temperature-related morbidity. Studies of this type would also help to pick up those health 
effects of temperature that were not sufficiently serious to cause hospitalization, but still 
cause important morbidity. Extended periods of heat were not examined here, as it has been 
proposed85,93,94 that the effect of heatwaves plays a stronger role in heat-related health effects 
than do extremes in ambient temperature. Finally, further research is required into 
quantifying the effect of cold and hot temperatures on morbidity, particularly those related to 
cardiorespiratory diseases.  
This study examined the effect of temperature on morbidity using a meta-analysis that 
incorporated a Bayesian hierarchical modelling approach. We found a potential heat effect on 
respiratory morbidity, though there was no apparent effect on cardiovascular morbidity. 
Additionally, it was found that lagged effects differed in direction between respiratory and 
cardiovascular morbidity. This study adds to the current research on temperature effects on 
cardiorespiratory morbidity, particularly in relation to potential differences in effect between 
respiratory and cardiovascular morbidity. It is important that such effects are more 
thoroughly understood, to ensure that public health strategies are effectively designed and 
  
implemented to minimise and prevent heat-related morbidity.
  
References 
1. Costello A, Abbas M, Allen A, et al. Managing the health effects of climate change: 
Lancet and University College London institute for global health commission. The 
Lancet. 2009; 373:1693–1733. 
2. Global health risks: Mortality and burden of disease attributable to selected major 
risks. Geneva: World Health Organization (WHO), 2009. 
3. McMichael AJ, Butler CD. Promoting global population health while constraining the 
environmental footprint. Annu Rev Public Health. 2011; 32:179–97. 
4. Ostro B, Rauch S, Green S. Quantifying the health impacts of future changes in 
temperature in California. Environ Res. 2011; 111:1258–64. 
5. Knowlton K, Rotkin-Ellman M, King G, et al. The 2006 California heat wave: 
Impacts on hospitalizations and emergency department visits. Environ Health 
Perspect. 2009; 117:61–7. 
6. Hajat S, O'Connor M, Kosatsky T. Health effects of hot weather: From awareness of 
risk factors to effective health protection. Lancet. 2010; 375:856–63. 
7. Climate change 2007: Synthesis report. Contribution of working groups i, ii and iii to 
the fourth assessment report of the Intergovernmental Panel on Climate Change. 
Geneva: Intergovernmental Panel on Climate Change (IPCC), 2007. 
8. Blashki G, Armstrong G, Berry HL, et al. Preparing health services for climate 
change in Australia. Asia Pac J Public Health. 2011; 23:133S–43. 
9. Barriopedro D, Fischer EM, Luterbacher J, et al. The hot summer of 2010: Redrawing 
the temperature record map of Europe. Science. 2011; 332:220–4. 
10. Bassil KL, Cole DC. Effectiveness of public health interventions in reducing 
morbidity and mortality during heat episodes: A structured review. Int J Environ Res 
Public Health. 2010; 7:991–1001. 
  
11. Trogdon JG, Finkelstein EA, Nwaise IA, et al. The economic burden of chronic 
cardiovascular disease for major insurers. Health Promot Pract. 2007; 8:234–42. 
12. Basu R, Samet JM. Relation between elevated ambient temperature and mortality: A 
review of the epidemiologic evidence. Epidemiol Rev. 2002; 24:190–202. 
13. Basu R, Malig B. High ambient temperature and mortality in California: exploring the 
roles of age, disease, and mortality displacement. Environ Res. 2011; 111:1286–92. 
14. Baccini M, Biggeri A, Accetta G, et al. Heat effects on mortality in 15 European 
cities. Epidemiology. 2008; 19:711–9. 
15. Kovats RS, Hajat S. Heat stress and public health: A critical review. Annu Rev Public 
Health. 2008; 29:41–55. 
16. Basu R. High ambient temperature and mortality: A review of epidemiologic studies 
from 2001 to 2008. Environ Health. 2009; 8:40. 
17. Hajat S, Kosatky T. Heat-related mortality: A review and exploration of 
heterogeneity. J Epidemiol Community Health. 2010; 64:753–60. 
18. Martiello MA, Giacchi MV. High temperatures and health outcomes: A review of the 
literature. Scand J Public Health. 2010; 38:826–37. 
19. Ye X, Wolff R, Yu W, et al. Ambient temperature and morbidity: A review of 
epidemiological evidence. Environ Health Perspect. 2012; 120:19–28. 
20. Koskela HO. Cold air-provoked respiratory symptoms: The mechanisms and 
management. Int J Circumpolar Health. 2007; 66:91–100. 
21. Harju T, Makinen T, Nayha S, et al. Cold-related respiratory symptoms in the general 
population. Clin Respir J. 2010; 4:176–85. 
22. Danet S, Richard F, Montaye M, et al. Unhealthy effects of atmospheric temperature 
and pressure on the occurrence of myocardial infarction and coronary deaths. A 10-
  
year survey: The Lille–World Health Organization MONICA project (monitoring 
trends and determinants in cardiovascular disease). Circulation. 1999; 100:E1–7. 
23. Morabito M, Crisci A, Vallorani R, et al. Innovative approaches helpful to enhance 
knowledge on weather-related stroke events over a wide geographical area and a large 
population. Stroke. 2011; 42:593–600. 
24. Nayha S. Cold and the risk of cardiovascular diseases. A review. Int J Circumpolar 
Health. 2002; 61:373–80. 
25. Low RB, Bielory L, Qureshi AI, et al. The relation of stroke admissions to recent 
weather, airborne allergens, air pollution, seasons, upper respiratory infections, and 
asthma incidence, September 11, 2001, and day of the week. Stroke. 2006; 37:951–7. 
26. Myint PK, Vowler SL, Woodhouse PR, et al. Winter excess in hospital admissions, 
in-patient mortality and length of acute hospital stay in stroke: A hospital database 
study over six seasonal years in Norfolk, UK. Neuroepidemiology. 2007; 28:79–85. 
27. Bhaskaran K, Hajat S, Haines A, et al. Effects of ambient temperature on the 
incidence of myocardial infarction. Heart. 2009; 95:1760–9. 
28. Wang XY, Barnett AG, Hu W, et al. Temperature variation and emergency hospital 
admissions for stroke in Brisbane, Australia, 1996–2005. Int J Biometeorol. 2009; 
53:535–41. 
29. Cheng X, Su H. Effects of climatic temperature stress on cardiovascular diseases. Eur 
J Intern Med. 2010; 21:164–7. 
30. Guo Y, Barnett AG, Pan X, et al. The impact of temperature on mortality in Tianjin, 
China: a case-crossover design with a distributed lag nonlinear model. Environ Health 
Perspect. 2011; 119:1719–25. 
  
31. Ebi KL, Exuzides KA, Lau E, et al. Association of normal weather periods and El 
Niño events with hospitalization for viral pneumonia in females: California, 1983–
1998. Am J Public Health. 2001; 91:1200–8. 
32. Schwartz J, Samet JM, Patz JA. Hospital admissions for heart disease: The effects of 
temperature and humidity. Epidemiology. 2004; 15:755–61. 
33. Abrignani MG, Corrao S, Biondo GB, et al. Influence of climatic variables on acute 
myocardial infarction hospital admissions. Int J Cardiol. 2009; 137:123–9. 
34. Stafoggia M, Forastiere F, Michelozzi P, et al. Summer temperature-related mortality: 
Effect modification by previous winter mortality. Epidemiology. 2009; 20:575–83. 
35. Curriero FC, Heiner KS, Samet JM, et al. Temperature and mortality in 11 cities of 
the eastern United States. Am J Epidemiol. 2002; 155:80–7. 
36. Liang WM, Liu WP, Chou SY, et al. Ambient temperature and emergency room 
admissions for acute coronary syndrome in Taiwan. Int J Biometeorol. 2008; 52:223–
9. 
37. Bayentin L, El Adlouni S, Ouarda TB, et al. Spatial variability of climate effects on 
ischemic heart disease hospitalization rates for the period 1989–2006 in Quebec, 
Canada. Int J Health Geogr. 2010; 9:5. 
38. Wolf K, Schneider A, Breitner S, et al. Air temperature and the occurrence of 
myocardial infarction in Augsburg, Germany. Circulation. 2009; 120:735–42. 
39. Bhaskaran K, Hajat S, Haines A, et al. Short term effects of temperature on risk of 
myocardial infarction in England and Wales: Time series regression analysis of the 
Myocardial Ischaemia National Audit Project (MINAP) registry. BMJ. 2010; 
341:c3823. 
40. Keatinge WR, Donaldson GC, Cordioli E, et al. Heat related mortality in warm and 
cold regions of Europe: Observational study. BMJ. 2000; 321:670–3. 
  
41. McGeehin MA, Mirabelli M. The potential impacts of climate variability and change 
on temperature-related morbidity and mortality in the United States. Environ Health 
Perspect. 2001; 109 Suppl 2:185–9. 
42. Messner T, Lundberg V, Wikstrom B. A temperature rise is associated with an 
increase in the number of acute myocardial infarctions in the subarctic area. Int J 
Circumpolar Health. 2002; 61:201–7. 
43. Goerre S, Egli C, Gerber S, et al. Impact of weather and climate on the incidence of 
acute coronary syndromes. Int J Cardiol. 2007; 118:36–40. 
44. Jimenez-Conde J, Ois A, Gomis M, et al. Weather as a trigger of stroke. Daily 
meteorological factors and incidence of stroke subtypes. Cerebrovasc Dis. 2008; 
26:348–54. 
45. O'Neill MS, Ebi KL. Temperature extremes and health: Impacts of climate variability 
and change in the United States. J Occup Environ Med. 2009; 51:13–25. 
46. Kjellstrom T, Butler AJ, Lucas RM, et al. Public health impact of global heating due 
to climate change: Potential effects on chronic non-communicable diseases. Int J 
Public Health. 2010; 55:97–103. 
47. Basu R, Feng WY, Ostro BD. Characterizing temperature and mortality in nine 
California counties. Epidemiology. 2008; 19:138–45. 
48. Barnett AG, Tong S, Clements AC. What measure of temperature is the best predictor 
of mortality? Environ Res. 2010; 110:604–11. 
49. Gelman A, Carlin JB, Stern HS, et al. Bayesian data analysis. 2nd ed. Chapman and 
Hall, 2002. 
50. Almon S. The distributed lag between capital appropriations and expenditures. 
Econometrica. 1965; 33:178–96. 
  
51. Goodman PG, Dockery DW, Clancy L. Cause-specific mortality and the extended 
effects of particulate pollution and temperature exposure. Environ Health Perspect. 
2004; 112:179–85. 
52. Spiegelhalter D, Thomas A, Best N, et al. Bugs: Bayesian inference using Gibbs 
sampling, version 0.5. Cambridge: MRC Biostatistics Unit, 1996. 
53. Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-analysis. Stat Med. 
2002; 21:1539–58. 
54. Ye F, Piver WT, Ando M, et al. Effects of temperature and air pollutants on 
cardiovascular and respiratory diseases for males and females older than 65 years of 
age in Tokyo, July and August 1980–1995. Environ Health Perspect. 2001; 109:355–
9. 
55. Koken PJ, Piver WT, Ye F, et al. Temperature, air pollution, and hospitalization for 
cardiovascular diseases among elderly people in Denver. Environ Health Perspect. 
2003; 111:1312–7. 
56. Barnett AG, Dobson AJ, McElduff P, et al. Cold periods and coronary events: An 
analysis of populations worldwide. J Epidemiol Community Health. 2005; 59:551–7. 
57. Enquselassie F, Dobson AJ, Alexander HM, et al. Seasons, temperature and coronary 
disease. Int J Epidemiol. 1993; 22:632–6. 
58. Wang H, Matsumura M, Kakehashi M, et al. Effects of atmospheric temperature and 
pressure on the occurrence of acute myocardial infarction in Hiroshima city, Japan. 
Hiroshima J Med Sci. 2006; 55:45–51. 
59. Liang WM, Liu WP, Kuo HW. Diurnal temperature range and emergency room 
admissions for chronic obstructive pulmonary disease in Taiwan. Int J Biometeorol. 
2009; 53:17–23. 
  
60. Oudin A, Stromberg U, Jakobsson K, et al. Estimation of short-term effects of air 
pollution on stroke hospital admissions in southern Sweden. Neuroepidemiology. 
2010; 34:131–42. 
61. Woo J, Kay R, Nicholls MG. Environmental temperature and stroke in a subtropical 
climate. Neuroepidemiology. 1991; 10:260–5. 
62. Rossi OV, Kinnula VL, Tienari J, et al. Association of severe asthma attacks with 
weather, pollen, and air pollutants. Thorax. 1993; 48:244–8. 
63. Garty BZ, Kosman E, Ganor E, et al. Emergency room visits of asthmatic children, 
relation to air pollution, weather, and airborne allergens. Ann Allergy Asthma 
Immunol. 1998; 81:563–70. 
64. Makie T, Harada M, Kinukawa N, et al. Association of meteorological and day-of-
the-week factors with emergency hospital admissions in Fukuoka, Japan. Int J 
Biometeorol. 2002; 46:38–41. 
65. Rusticucci M, Bettolli ML, de AH. Association between weather conditions and the 
number of patients at the emergency room in an Argentine hospital. Int J Biometeorol. 
2002; 46:42–51. 
66. Ivey MA, Simeon DT, Monteil MA. Climatic variables are associated with seasonal 
acute asthma admissions to accident and emergency room facilities in Trinidad, West 
Indies. Clin Exp Allergy. 2003; 33:1526–30. 
67. Abe T, Tokuda Y, Ohde S, et al. The relationship of short-term air pollution and 
weather to ED visits for asthma in Japan. Am J Emerg Med. 2009; 27:153–9. 
68. Hong YC, Rha JH, Lee JT, et al. Ischemic stroke associated with decrease in 
temperature. Epidemiology. 2003; 14:473–8. 
  
69. Ebi KL, Exuzides KA, Lau E, et al. Weather changes associated with hospitalizations 
for cardiovascular diseases and stroke in California, 1983–1998. Int J Biometeorol. 
2004; 49:48–58. 
70. Kovats RS, Hajat S, Wilkinson P. Contrasting patterns of mortality and hospital 
admissions during hot weather and heat waves in greater London, UK. Occup Environ 
Med. 2004; 61:893–8. 
71. Panagiotakos DB, Chrysohoou C, Pitsavos C, et al. Climatological variations in daily 
hospital admissions for acute coronary syndromes. Int J Cardiol. 2004; 94:229–33. 
72. Misailidou M, Pitsavos C, Panagiotakos DB, et al. Short-term effects of atmospheric 
temperature and humidity on morbidity from acute coronary syndromes in free of air 
pollution rural Greece. Eur J Cardiovasc Prev Rehabil. 2006; 13:846–8. 
73. Ren C, Williams GM, Tong S. Does particulate matter modify the association 
between temperature and cardiorespiratory diseases? Environ Health Perspect. 2006; 
114:1690–6. 
74. Ren C, Tong S. Temperature modifies the health effects of particulate matter in 
Brisbane, Australia. Int J Biometeorol. 2006; 51:87–96. 
75. Babin SM, Burkom HS, Holtry RS, et al. Pediatric patient asthma-related emergency 
department visits and admissions in Washington, DC, from 2001–2004, and 
associations with air quality, socioeconomic status and age group. Environ Health. 
2007; 6:9. 
76. Dawson J, Weir C, Wright F, et al. Associations between meteorological variables 
and acute stroke hospital admissions in the west of Scotland. Acta Neurol Scand. 
2008; 117:85–9. 
  
77. Linares C, Diaz J. Impact of high temperatures on hospital admissions: Comparative 
analysis with previous studies about mortality (Madrid). Eur J Public Health. 2008; 
18:317–22. 
78. Nastos PT. Weather, ambient air pollution and bronchial asthma in Athens, Greece.  
In: Thomson MC, Garcia-Herrera R, Beniston, M, eds. Seasonal forecasts, climate 
change and human health. Springer; 2008:173–88. 
79. Lin S, Luo M, Walker RJ, et al. Extreme high temperatures and hospital admissions 
for respiratory and cardiovascular diseases. Epidemiology. 2009; 20:738–46. 
80. Michelozzi P, Accetta G, De Sario M, et al. High temperature and hospitalizations for 
cardiovascular and respiratory causes in 12 European cities. Am J Respir Crit Care 
Med. 2009; 179:383–9. 
81. Green RS, Basu R, Malig B, et al. The effect of temperature on hospital admissions in 
nine California counties. Int J Public Health. 2010; 55:113–21. 
82. Ostro B, Rauch S, Green R, et al. The effects of temperature and use of air 
conditioning on hospitalizations. Am J Epidemiol. 2010; 172:1053–61. 
83. Wichmann J, Andersen Z, Ketzel M, et al. Apparent temperature and cause-specific 
emergency hospital admissions in greater Copenhagen, Denmark. PLoS ONE. 2011; 
6:e22904, DOI:  10.1371/journal.pone.0022904. 
84. Pudpong N, Hajat, S. High temperature effects on out-patient visits and hospital 
admissions in Chiang Mai, Thailand. Sci Total Environ. 2011; 409:5260–7. 
85. Kenny GP, Yardley J, Brown C, et al. Heat stress in older individuals and patients 
with common chronic diseases. CMAJ. 2010; 182:1053–60. 
86. Martens WJ. Climate change, thermal stress and mortality changes. Soc Sci Med. 
1998; 46:331–44. 
  
87. Hajat S, O'Connor M, Kosatsky T. Health effects of hot weather: From awareness of 
risk factors to effective health protection. Lancet. 2010; 375:856–63. 
88. Yu W, Mengersen K, Wang X, et al. Daily average temperature and mortality among 
the elderly: a meta-analysis and systematic review of epidemiological evidence. Int J 
Biometeorol. 2011; DOI:10.1007/s00484–011–0497–3. 
89. Gasparrini A, Armstrong B, Kovats S, et al. The effect of high temperatures on cause-
specific mortality in England and Wales. Occup Environ Med. 2012; 69:56–61. 
90. Anderson BG, Bell ML. Weather-related mortality: How heat, cold, and heat waves 
affect mortality in the United States. Epidemiology. 2009; 20:205–13. 
91. Morabito M, Modesti PA, Cecchi L, et al. Relationships between weather and 
myocardial infarction: A biometeorological approach. Int J Cardiol. 2005; 105:288–
93. 
92. Hajat S, Haines A. Associations of cold temperatures with GP consultations for 
respiratory and cardiovascular disease amongst the elderly in London. Int J 
Epidemiol. 2002; 31:825–30. 
93. Hajat S, Armstrong B, Baccini M, et al. Impact of high temperatures on mortality: Is 
there an added heat wave effect? Epidemiology. 2006; 17:632–8. 
94. Gasparrini A, Armstrong B. The impact of heat waves on mortality. Epidemiology. 
2011; 22:68–73. 
 
 
  
List of Figures: 
Figure 1: Procedure of literature search 
Figure 2: Meta-analysis (study-specific and overall, ordered by latitude of study) of heat 
effects (1 °C increase in temperature) on respiratory morbidity. Estimates are for baseline of 
0 lag days and mean latitude of included studies. Each central square is proportional to the 
study’s weight in the meta-analysis  
Figure 3: Meta-analysis (study-specific and overall, ordered by latitude of study) of heat 
effects (1 °C increase in temperature) on cardiovascular morbidity. Estimates are for baseline 
of 0 lag days and mean latitude of included studies. Each central square is proportional to the 
study’s weight in the meta-analysis  
Figure 4: Meta-analysis (study-specific and overall, ordered by latitude of study) of heat 
effects (1 °C increase in temperature) on morbidity related to stroke, ACS/MI and asthma. 
Estimates are for baseline of 0 lag days and mean latitude of included studies. Each central 
square is proportional to the study’s weight in the meta-analysis 
Peer–reviewed papers
from database searches
(n = 2527)
Potentially appropriate
studies to be included
in the meta–analysis
(n = 250)
Studies included in
the systematic review
(n = 38)
Studies included in
final meta–analysis
(n = 21)
Did not meet primary inclusion
criteria (n = 2277)
Excluded due to selection criteria
(n = 212)
• Relative risks based on
stratification (n = 5)
• Effects being based on a
population size offset (n = 4)
• Measurements averaged over
multiple days (n = 1)
• Studies quoting correlation
results (n = 7)
Subgroup
All Studies
Heat effect studies only
 
Study
Pudpong & Hajat 2011   
Ren et al. 2006   / Ren & Tong 2006   
Green et al. 2010   / Ostro et al. 2010   
Nastos et al. 2008   
Babin et al. 2007   
Linares et al. 2008   
Lin et al. 2009   
Michelozzi et al. 2009   
Kovats et al. 2004   
Wichmann et al. 2011   
Pooled effect (I  = 92%)   
Ren et al. 2006   
Green et al. 2010   / Ostro et al. 2010   
Linares et al. 2008   
Lin et al. 2009   
Michelozzi et al. 2009   
Kovats et al. 2004   
Wichmann et al. 2011   
Pooled effect (I  = 91%)   
RR (95% PI)
1.028 (0.970, 1.089)
0.994 (0.969, 1.019)
1.006 (0.982, 1.030)
0.991 (0.958, 1.026)
1.010 (0.977, 1.044)
1.095 (0.985, 1.217)
1.015 (0.986, 1.045)
1.015 (0.978, 1.053)
1.040 (0.985, 1.099)
1.007 (0.954, 1.063)
1.020 (0.986, 1.055)
0.993 (0.944, 1.044)
1.006 (0.976, 1.037)
1.139 (1.001, 1.296)
1.018 (0.983, 1.055)
1.017 (0.967, 1.070)
1.048 (0.972, 1.130)
1.011 (0.931, 1.098)
1.032 (0.968, 1.101)
0.9 1.0 1.1 1.2 1.3
84
73 74
81 82
78
75
77
79
80
70
83
73
81 82
77
79
80
70
83
2
2
Subgroup
All studies
Heat effect studies only
Study
Pudpong & Hajat 2011   
Ren et al. 2006   / Ren & Tong 2006   
Wang et al. 2009   
Green et al. 2010   / Ostro et al. 2010   
Ebi et al. 2004   
Hong et al. 2003   
Panagiotakos et al. 2004   
Misailidou et al. 2006   
Schwartz et al. 2004   
Lin et al. 2009   
Michelozzi et al. 2009   
Kovats et al. 2004   
Bhaskaran et al. 2010   
Wolf et al. 2009   
Wichmann et al. 2011   
Dawson et al. 2008   
Pooled effect (I  = 99%)   
Pudpong & Hajat 2011   
Ren et al. 2006   
Wang et al. 2009   
Green et al. 2010   / Ostro et al. 2010   
Hong et al. 2003   
Lin et al. 2009   
Michelozzi et al. 2009   
Kovats et al. 2004   
Wichmann et al. 2011   
Pooled effect (I  = 89%)   
RR (95% PI)
0.992 (0.946, 1.041)
0.991 (0.973, 1.009)
0.992 (0.962, 1.023)
0.997 (0.984, 1.009)
0.987 (0.960, 1.015)
0.991 (0.949, 1.034)
0.966 (0.941, 0.993)
0.989 (0.965, 1.015)
1.004 (0.982, 1.027)
1.011 (0.993, 1.028)
1.005 (0.980, 1.030)
1.014 (0.973, 1.056)
1.012 (0.978, 1.046)
1.011 (0.977, 1.047)
1.008 (0.973, 1.044)
1.011 (0.977, 1.045)
0.999 (0.982, 1.016)
0.988 (0.931, 1.049)
1.004 (0.983, 1.025)
1.000 (0.967, 1.034)
0.998 (0.984, 1.011)
0.986 (0.938, 1.037)
1.001 (0.978, 1.024)
0.992 (0.963, 1.022)
1.003 (0.960, 1.049)
0.987 (0.946, 1.031)
0.995 (0.970, 1.021)
0.92 0.94 0.96 0.98 1.00 1.02 1.04 1.06
84
73 74
28
81 82
69
68
71
72
32
79
80
70
39
38
83
76
84
73
28
81 82
68
79
80
70
83
2
2
Subgroup
Stroke
ACS / MI
Asthma
Study
Wang et al. 2009   
Green et al. 2010   / Ostro et al. 2010   
Ebi et al. 2004   
Hong et al. 2003   
Dawson et al. 2008   
Pooled effect (I  = 100%)
Green et al. 2010   / Ostro et al. 2010   
Ebi et al. 2004   
Panagiotakos et al. 2004   
Misailidou et al. 2006   
Bhaskaran et al. 2010   
Wolf et al. 2009   
Pooled effect (I  = 99%)
Green et al. 2010   / Ostro et al. 2010   
Nastos et al. 2008   
Babin et al. 2007   
Lin et al. 2009   
Pooled effect (I  = 92%)
RR (95% PI)
0.957 (0.896, 1.023)
0.987 (0.965, 1.010)
0.972 (0.783, 1.205)
0.971 (0.892, 1.056)
1.068 (0.975, 1.170)
0.990 (0.887, 1.105)
0.990 (0.961, 1.020)
1.013 (0.847, 1.212)
0.955 (0.917, 0.994)
0.984 (0.948, 1.023)
1.059 (0.966, 1.161)
1.064 (0.963, 1.175)
1.010 (0.930, 1.097)
1.011 (0.897, 1.139)
0.993 (0.891, 1.107)
1.003 (0.895, 1.123)
1.008 (0.853, 1.192)
1.003 (0.882, 1.141)
0.7 0.8 0.9 1.0 1.1 1.2 1.3
28
81 82
69
68
76
81 82
69
71
72
39
38
81 82
78
75
79
2
2
2
eAppendix 
Electronic literature search terms 
PubMed: 
 ("environmental temperature change" [all] OR hot temperature/adverse effects [mh] OR cold 
temperature/adverse effects [mh] OR extreme heat OR extreme cold [tw] OR "heat wave" [tw]) AND 
(morbidity OR "heat stress" OR hospitalisation OR emergency admission OR myocardial infarction 
OR respiratory disease OR cardiorespiratory disease OR ischemic heart disease OR cardiovascular 
disease OR heart failure OR stroke OR dehydration OR cerebrovascular disease OR heat stroke OR 
pneumonia OR asthma OR bronchitis OR emphysema) AND (environment [all] OR climate [all] OR 
weather [all]) 
 
Web of Science: 
Topic=(temperature OR "heat wave" OR "cold spell" OR "extreme heat" OR "extreme cold" OR "hot 
temperature" OR "cold temperature") AND Topic=(morbidity OR "heat stress" OR hospitalisation OR 
"emergency admission*" OR "hospital admission*" OR "myocardial infarction" OR "respiratory 
disease" OR "cardiorespiratory disease" OR "ischemic heart disease" OR "cardiovascular disease" OR 
"heart failure" OR stroke OR dehydration OR "cerebrovascular disease" OR "heat stroke" OR 
pneumonia OR asthma OR bronchitis OR emphysema) 
 
Science direct: 
("environmental temperature change" OR temperature OR (extreme heat) OR (extreme cold) OR 
"heat wave") AND (morbidity OR "heat stress" OR hospitalisation OR emergency admission OR 
myocardial infarction OR respiratory disease OR cardiorespiratory disease OR ischemic heart disease 
OR cardiovascular disease OR heart failure OR stroke OR dehydration OR cerebrovascular disease 
OR heat stroke OR pneumonia OR asthma OR bronchitis OR emphysema) AND (environment OR 
climate OR weather) 
 
Scopus: 
("environmental temperature change" OR hot temperature OR cold temperature OR extreme heat OR 
extreme cold OR "heat wave") AND (morbidity OR "heat stress" OR hospitalisation OR emergency 
admission OR myocardial infarction OR respiratory disease OR cardiorespiratory disease OR 
ischemic heart disease OR cardiovascular disease OR heart failure OR stroke OR dehydration OR 
cerebrovascular disease OR heat stroke OR pneumonia OR asthma OR bronchitis OR emphysema) 
AND (environment OR climate OR weather) 
 
 
 

